We experimentally investigated terahertz photomixing operation at room temperature in an InGaP/InGaAs/ GaAs two-dimensional plasmon-resonant photomixer incorporating grating-bicoupled dual-gate structure. Photoelectrons drifting into a high-density plasmon cavity grating from an adjacent low-density one extensively excite the plasmon resonance, resulting in emission of terahertz radiation. A vertical cavity formed between the two-dimensional plasmon grating plane and an indium-tinoxide mirror at the back surface gains the radiation. Self-oscillation initially at around 4.5 THz excited by a dc-photo carrier component was reinforced by the photomixed differential-frequency excitation at 4.0 and 5.0 THz. This indicates a possibility of injection-locked oscillation of the photomixer in the terahertz frequency band. We have recently proposed a HEMT-based photomixer incorporating the similar grating-bicoupled periodic plasmon resonant structure and an vertical cavity structure [17] . We experimentally verified its terahertz emission properties in manners of continuous wave (CW) excitation and/or sub-100-fs pulse excitation [32] , [33] . These results indicated that dc-photocurrent driven self-oscilaltion had been excited in our device, and ac-photocurrent driven differencefrequency oscillation also can be excited when irradiated lasers have slightly different frequencies.
Introductuion
Recently, terahertz coherent electromagnetic waves are expected to open the way for many technological applications such as imaging and spectroscopy, as well as future ubiquitous communication networks [1] - [4] . Two-dimentional (2D) plasmons in semiconductor heterostructures have attracted much attention due to their nature of instability promoting terahertz oscillation, which is expected to realize detectors, emitters and frequency multipliers [5] - [33] . Dyakonov et al. demonstrated that 2D electrons in the traveling channel of a submicron high-electron mobility transistor (HEMT) can make plasmon resonant oscillation in the terahertz range [9] , [10] . Their plasmon resonant effect has an important advantage; the resonant frequency is tunable by means of the external gate bias voltage. This offers the realization of a new frequency-tunable coherent terahertz wave source. So far, various analytical [9] - [19] and experimental [20] - [33] studies on the terahertz plasmon resonance have been emerging. † † The author is with the Research Center for Integrated Quantum Electronics, Hokkaido University, Sapporo-shi, 060-8628 Japan.
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2D plasmon itself is a non-radiative mode so that a metal-wired grating coupler structure is frequently utilized to yield terahertz emission [5] - [8] , [11] , [21] - [23] , [30] . Wilkinson et al. studied far-infrared response of plasmon excitation from bi-periodically modulated 2D electron gas coupled with doubly-interdigitated grating gates [21] . We have recently proposed a HEMT-based photomixer incorporating the similar grating-bicoupled periodic plasmon resonant structure and an vertical cavity structure [17] . We experimentally verified its terahertz emission properties in manners of continuous wave (CW) excitation and/or sub-100-fs pulse excitation [32] , [33] . These results indicated that dc-photocurrent driven self-oscilaltion had been excited in our device, and ac-photocurrent driven differencefrequency oscillation also can be excited when irradiated lasers have slightly different frequencies.
In this paper, we experimentally investigated photomixing characteristics of our photomixer by performing plasmon excitation in a manner of difference-frequency generation. We show experimental results of photoresponse measurements in multi-(self and differentce-frequency) oscillating condition and discuss a possibility of injectionlocked oscillation of our proposing photomixer in the terahertz frequency band. Figure 1 shows a typical model of basic operation principle of plasmon resonance in a field effect transistor (FET). Once coherent electromagnetic waves are directed into the electron channel of the FET, plasma wave can be excited in the high density 2D electron fluid [9] , [10] . Then, the 2D electrons can make resonant oscillation under the standing wave condition of the fundamental and higher order harmonics. This phenomenon is called plasmon resonance. In the case of symmetric boundary conditions such as common-source/common-drain configurations, the resonant frequency f r is determined by
Plasmon Resonane
where i the integer, L ch the single channel length, v p the plasma wave velocity. (1)).
e the electronic charge, n the density of electrons, d the distance between the gate electrode and the gated 2D channel, m e the electron effective mass, the permittivity. Since v p is a function of n induced by the gate bias voltage V gs (defined as an offset from the threshold voltage of the FET), f r can be controlled by V gs . In today's state-of-the-art submicron channel length HEMTs, f r easily falls in the terahertz range. The plasmon resonance can be excited also in a manner of difference-frequency (∆ f ) generation (DFG) [4] , [15] . In addition, it is noted that the excitaion of plasmons can be promoted by a dc current component without any ac excitation if the system holds an excellent carrier transport property. This gives rise to self-oscillation [9] , [11] , [12] . Figure 2 shows a sketch of a cross-sectional view of our sample under measurement. It was fabricated with InGaP/InGaAs/GaAs material systems. The 2D plasmon layer is formed at the heterostructure between the InGaP buffer layer and the InGaAs channel layer. Figure 3 shows scanning electron microscope (SEM) images of our device top view and cross-sectional view. An interdigitated grating gate pair (gate 1 (G1) and gate 2 (G2)) was formed with a 65-nm thick Ti/Au/Ti by a standard lift-off process. To cover operating frequencies from 1 to 10 THz, the grating geometry was designed with a 70-nm length for a G1 finger and 350-nm for a G2 finger with a 100-nm space in consideration of grating characteristic frequencies [11] , [18] . The number of G1 and G2 fingers are 60 and 61, respectively. The length and width of the actual grating area are around 30 µm and 75 µm, respectively. The GaAs substrate was thinned down to a thickness of 43 µm, and 100-µm thick ITO metal was sputtered on the optically polished back surface so as to form the vertical cavity with its fundamental resonant frequency of around 450 GHz. Figure 4 roughly sketches the energy band at the periodic plasmon regions under G1 and G2 gates. Now we assume that the drain side is biased positively and G1 bias V g1 is lower than G2 bias V g2 . When the regions under G2 are highly charged with a 2D electron density of 10 11 -10 12 cm −2 while the regions under G1 are lightly charged with lower 2D electron density by one or two order(s) of magnitude, a strong electric field (1 to 10 kV/cm) arises at the plasmon cavity boundaries. When two co-linearly polarized CW laser beams having slightly different frequencies f 0 and f 0 + ∆ f are absorbed in the 2D electron channel, photoelectrons are dominantly generated in the regions under G1. If a specific drain-to-source bias is applied to promote a uniform slope along the source-to-drain direction on the energy band in the regions under G1, photoelectrons under G1 are unidirectionally injected to one side of the adjacent plasmon cavity. Due to the density modulation of photoelectrons, terahertz plasmon resonance of ∆ f is excited (∆ f -oscillation mode). In addition, time-averaged DC component of photo- electrons injection can extensively excite the plasma oscillation at both G1 region (due to electrons outflux) and G2 region (due to electrons influx). In such case, plasmon resonance which frequency are determined by cavity dimensions can also be excited (Self-oscillation mode). In the structure of our photomixer, these two oscillation mode occur simultaneously. The grating gates also act as a terahertz antenna that converts these non-radiative longitudinal plasmon modes to radiative transverse electromagnetic modes [11] . Furthermore, a vertical cavity is formed between the 2D-plasmon plane and the indium-tin-oxide (ITO) mirror at the backside, which can effectively enhance the conversion gain and radiation power in a process similar to wellknown semiconductor lasers. The combination of strong photoexcited plasmon resonance and high mode-conversion efficiency enable the terahertz-wave radiation even at room temperature. Figure 5 shows an experimental setup for the photomixing measurement. We observe the plasmon resonance under interband photowxcitation [28] . The excitation was performed by using a pair of wavelength-tunable CW laser sources in a manner of DFG. The CW laser sources have a tuning range of 100 nm around 1550 nm. (Bandgap energies of all material systems are wider than the photon energy of these lasers. Photoelectrons, however, are weakly excited at the InGaAs/GaAs heterointerface via multi-step processes due to the existence of deep trap centers [34] .) Once plasmon resonance is excited, the dc drain-to-source potential V ds will be modulated [9] . This modulation component ∆U was measured by a lock-in amplifier with a chopping frequency of 1.29 kHz.
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The G1/G2 bias dependence of the resonant intensity ∆U was measured at room temperature for various ∆ f conditions. In order to know an amount of the self-oscillation component, the resonant property in ∆ f of nearly 0 THz setting was preliminarily investigated. Figure 6 shows a dependence of the resonant intensity ∆U on V g1 at V ds of 3.0 V in ∆ f setting of nearly 0 THz for various V g2 conditions. The dashed line shows a typical photoresponse curve for a standard InGaP/InGaAs/GaAs HEMT. With increasing V g2 from −2.0 V to 0.0 V, photoresponses at V g1 of −2.5 V and below were markedly enhanced. Since the drift velocity of injected photoelectrons, which is determined by the potential gradient between G1 and G2, may exceed 10 7 cm/s, plasmon resonance in the self-oscillation mode was observed. This results may indicate that a certain amount of potential difference between V g1 and V g2 is required for obtaining a sufficiently high electron-drift velocity, and a high plasmon-excitation efficiency. According to the density of electro-statically induced electrons (in the dark) -4.0 × 10 12 cm −2 in periodic plasmon cavities under G2 (V g1 of −2.5 V and V g2 of 0.0 V), a resonant frequency can exist at around 4.5 THz (calculated from Eqs. (1) and (2)). Figure 7 shows the V g1 dependence of resonant intensity rate ∆U ac /∆U under the V ds condition of 3.0 V. All results have been normalized by the self-oscillation intensity ∆U shown in Fig. 6 . We showed results for three different ∆ f conditions of 3.0 THz, 4.0 THz and 5.0 THz. In all results, photoresponses at V g2 of 0.0 V show clear peaks around V g1 of −2.4 V. Since the plasmon resonance is mainly excited in the cavity under G2, the peak V g1 position doesn't depend on ∆ f conditions. When ∆ f was set at 4.0 and/or 5.0 THz, photoresponses at V g2 = −0.5 and −1.0 V exhibit peak response. Their peak positions are also insensitive to ∆ f condition and stay at around V g1 of −2.4 V, which is almost identical to the result obtained in the non-∆ f measurement shown in Fig. 6. 
Results and Discussion
Results
Discussion
In this device, a resonant frequency of the self-oscillation is estimated at 4.5 THz as discussed in the beginning of Sect. 4.1. The results in Fig. 7 show that this component was affected by the 4.0-and/or 5.0-THz ∆ f resonant component because of their frequency proximity, and its oscillation intensity was increased. Our purpose is to realize photomixing function in this device. As shown in the obtained results, however, the self-oscillation is dominant compared to the ∆ f oscillation. The intensity rate ∆U ac /∆U was 1.04 at peak as shown in Fig. 7 . Now we have to examine actual ∆ f component of photoelectrons. Figure 8 exhibits a time dependence of the modulation of photoelectrons density in the electron channel. When ∆ f laser photons are irradiated into the channel, they generate ∆ f component. The photoelectrons by interband multi-step photoexcitation, however, have more than nanosecond-order lifetime [34] which is far longer than a sub-picosecondorder terahertz-vibration period, so that the time-averaged dc component dominates certain part as shown in Fig. 8 . As a consequence, the self-oscillation mode can become dominant. Nevertheless, when we set appropriate ∆ f condition which is very close to self-oscillation frequency, photoresponse shows marked enhancement. It is inferred that injection-locked terahertz oscillation is feasible if ∆ f modulation component becomes dominant under sufficiently short photoelectrons lifetime conditions. Use of lasers having higher photon energy than the bandgap energy of InGaAs (0.8 eV), such as Ti:Sapphire lasers, and/or introduction of InP-based narrow-bandgap material system enables direct interband photoexcitation, which can shorten lifetime of the photoelectrons. It may result in realization of the injection locking funtion of our photomixer.
These experimental results may show the process of reaching the injection-locked oscillation from the selfoscillation in the photomixer. This injection-locking will be an essential function for realizing novel plasmonic millimeter-wave and terahertz-wave receivers and/or transmitters for future terahertz communication systems which can directly link to photonic wired networks.
Conclusion
We experimentally investigated terahertz photomixing operation at room temperature in an InGaP/InGaAs/GaAs terahertz plasmon-resonant photomixer incorporating a gratingbicoupled 75-/350-nm dual-gate structure. Self-oscillation, initially at around 4.5 THz, excited by the dc-photo carrier component, was enhanced by the photomixed differentialfrequency excitation at 4.0 and 5.0 THz due to their frequency proximity. This indicates a possibility of injectionlocked oscillation of the photomixer in the terahertz frequency band. in part at the Laboratory for Nanoelectronics and Spintronics, Tohoku University. This work was financially supported in part by the Strategic Information and Communications R&D Promotion Programme (SCOPE) from the MIC, Japan, and by the Grant in Aid for Scientific Research (S) from the JSPS, Japan, and the 21st century COE program at Tohoku University.
